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WIND MEASUREMENTS BY ELECTROMAGNETIC PROBES

by
Dr. Michael Susko
Environmental Analysis Branch, ES44
Earth Science Laboratory and Applications Division
Space Science Laboratory
Science and Engineering Directorate
George C. Marshall Space Flight Center

ABSTRACT

/

Electromagnetic probing of the atmosphere by clear-air
radars is an emerging technology to supplement balloon-borne wind
sensors which are used to determine ascent wind loads on the
Space Shuttle.
At present, during the Space Shuttle launches, the ascent
wind loads are computed 1 hr before launch based on winds aloft
obtained by the Jimsphere 3.5 hr before liftoff.

There is a need

of wind load data acquisition closer to L-0 and in real time for
wind loads assessment.

The radar technology used in Marshall

Space Flight Center's (MSFC) Radar Wind Profiler exactly matches
the technology in the Clear-Air Doppler Radars except the
frequency is generally lower, antenna is bigger, and dwell time
is longer.

Its primary work-a-day problem will be to monitor

the vertical wind profile prior to launch of the Space Shuttle at
more frequent intervals and nearer to launch time than is
presently possible with the conventional balloon systems.
The Radar Wind Profiler will obtain a new wind profile on
the order of every 15 min based on an average of five wind
profiles measured every 3 min at a height interval of 150 m to
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20 km.

Additional data obtained in real time, which assists in

determining the variability of wind profiles, are a presentation
of the spectral moments from the power spectra of the returned
signal.

However,the winds cannot be substituted directly for

Jimsphere winds because the vertical resolution is not as fine as
the 100 to 200 m resolution of the Jimsphere.
STATEMENT OF THE PROBLEM

The existing technology for the past three decades (60's,
70's, and 80's) in measuring winds aloft for the Space Shuttle
launches have been obtained by balloon-borne wind sensors, e.g.,
the FPS-16 Radar/Jimsphere System (used as the standard) and the
Meteorological Sounding System (MSS) Windsonde (used as the
backup) and was documented by Susko [1].
are not in real time.

These systems, however,

The wind profiles are measured in the

lower stratosphere and troposphere of the atmosphere (0 to 16 km)
for the wind load analysis of the ascent phase for the Space
Shuttle as it passes through max q (maximum dynamic pressure),
where the loads are the greatest on the vehicle.

This analysis

must be done on a timely basis, as close to liftoff as possible,
to determine the loads encountered on the vehicle.
However, a review of the present Jimsphere sensor which is
used to measure the winds in the computation of the ascent wind
loads for the Space Shuttle is in order.

Scoggins and Susko [2]

investigated the drag coefficient for a rough balloon and
computed a C

vs Re number parameter with an average o.7 C .

These results were obtained from the release of a Jimsphere at
Kennedy Space Center (KSC).

Wind tunnel tests by Eckstrom [3]
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computed the theoretical curve and obtained a 0.4 C .

At least

in part, it was hypothesized the difference in curves was the
difference in density ratios.

Schlichting [4] otained results

for a smooth sphere in a wind tunnel.

The drag coefficient

curves for Jimsphere type 2m, 3F, 7.5S and for a smooth sphere in
a wind tunnel are shown in Figure 1.

Figure 2 depicts the

roughened Jimsphere 2m, 3F, 7.5S balloon.
SPECTRAL AMPLITUDE CURVES

The dual tracked Jimsphere data series was accomplished to
determine the noise level in Jimsphere measurements that had been
causing design curve exceedances.

Spectra and cross spectra of

the profiles for all 20 pairs were computed and averaged.

If it

is postulated that the measurements are composed of the wind plus
independent radar noise, averaging is required to cause the
autospectral estimates to converge to the spectra of the actual
wind plus the spectra of white noise.

However, the average cross

spectrum will converge to the spectrum of the actual wind that is
present in both of the independent radar profiles since the noise
in the profile from one radar is not correlated with the noise
added to the profile by the other radar.

This behavior can be

seen in Figure 3 which shows the average autospectra of each
radar and the averaged cross spectra for the zonal or u component
of wind velocity .

Note that the cross spectrum, which is

approximately the true wind spectra, is significantly lower than
the individual autospectra at the high wavenumber end of the
spectrum demonstrating the existence of noise in the profiles.

10-15

Q
O

yu
O
O-FULL SCALE
FLIGHT DATA
'-*- ECKSTROM WIND TUNNEL
DATA
10'

—SCHUGHTINGSMOOTH SPHERE
IN! TUNNEL

10"

300,000
REYNOLDS NUMIBER

10"

Figure 1. Drag coef f icIent curves for Jimsphere type 2m ,
3F, 7*5S and for a smooth sphere in a wind, tunnel.

Figure 2.

Jimsphere type 2m, f 3F r 7.5S.
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Figure 3. Averaged autospectra of the zonal component of wind
profiles obtained by tracking Jimspheres simultaneously
with two independent radars (an FPS-16 and an
FPQ-14) and the averaged cross spectrum of
the pairs of wind profiles.
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The information in the three spectral amplitude curves can
be summarized by computing the quantity known as coherence
squared.

This quantity is effectively a correlation coefficient

presented as a function of wavenumber (I/wavelength).

Coherence

squared is the ratio of the magnitude of the cross spectra
squared to the product of both of the autospectra, which can be
approximated by the ratio of signal to signal plus noise.

The

squared coherence between the independent radar tracked wind
profiles is shown in Figure 4.
The point at which signal equals noise is chosen as the
effective resolution point because at shorter wavelengths the
spectra consists of more noise than signal, while at longer
wavelengths the spectra is composed of more signal than noise.
For two systems with roughly equal noise levels, signal equals
noise amplitude at a coherence squared of 0.25.

When one system

has a larger noise amplitude than the other, signal equals noise
at a coherence squared value of 0.5.

The signal equals the noise

power spectral density at a wavelength of approximately 150 m for
the u component and approximately 300 m for the v component. This
discrepancy between wind components is probably due to the fact
that the wind blows mainly toward the east at KSC.

The u

component is determined primarily by changes in the radar
measurements of elevation angle and range to the Jimsphere.

The

v component is determine by changes in three measurements:
range, elevation angle and azimuth angle.

With an additional

source of noise (azimuth angle), more noise is expected in the v
component of the wind.
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Figure 4. Coherence squared spectra for both the zonal (u) and
meridional (v) wind components obtained from 20 wind profile
pairs generated by two independent radars tracking the
same Jimsphere. Coherence squared is the portion of
the power spectral density that is coherent between
the two radar derived wind profiles.
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The characteristics of various radars and lasers are
presented in Table 1, illustrating the location, frequency,
wavelength, technique, and the scattering mechanism of the
electromagnetic probes.
The radar technology used in the MSFC Radar Wind Profiler is
similar to that used in conventional Doppler radar systems except
the frequency is generally lower, antenna is larger, and dwell
time is much longer.

Designed for unattended operation, the

profiler employs Doppler radar technology.
The profiler is designed to provide measurements of the wind
in the troposphere and provide automated instrumentation.

The

most significant feature is the continuity in time and
reliability.

Regarding reliability, there are two factors:

reliability in the sense of low maintenance on the hardware and
software of the instrument, and reliability in accurate
measurements of the atmospheric wind [5].
The profiler utilizes active (radar) remote sensors.

The

component requiring the most attention has been an associated
computer.

The Doppler radar in the prototype profiler (for

measurement of wind, and intensity profiles of backscattered
signals) are of two types:
in the UHF band.

one operating at VHP, and the other

It is estimated that the capital cost of a

profiler designed for unattended operational use would be
defrayed in about seven years, when compared with the costs of
labor and expendibles incurred by a radiosonde station launching
two units per day [6].
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The profiler is being developed by the Wave Propagation
Laboratory (WPL) and the Prototype Regional Observing and
Forecasting Service (PROFS) of NOAA f s Environmental Research
Laboratories (ERL).

The data will be used by PROFS to test

improved mesoscale forecasting methods.

It is clear that other

potential uses of such a device include furnishing synoptic scale
data now obtained by balloon soundings and complimenting data
obtained with satellite sounders [7].
TECHNIQUE

The factors that influence the choice of pointing angle for
measurement of vertical profiles of the horizontal wind (Hw) in
operation of the Radar Wind Profiler with monostatic Doppler
radar are summarized by Strauch [8].

Three antenna beam-pointing

directions are needed to measure the vector wind.

For

simplicity, the pointing directions are chosen to observe
orthogonal horizontal wind components u and v, and the vertical
component w.

Horizontal winds are measured with an antenna

elevation pointing angle e

that allows observation at all

altitudes of interest.
The radial Doppler velocities V^ measured by the radar are
related to the wind as follows:
V

= u cos 0

+ w sin 9

V~ = v cos 6

+ w sin 6

V3 = w
According to Strauch [8], the selection of the elevation
angle for measurements of vertical profiles of horizontal winds
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Elevation

and Doppler radar must satisfy conflicting demands.

angles near zenith result in intolerable uncertainties in wind
measurement; elevation angles too far off-zenith result in a loss
of sensitivity that must be compensated by increased transmitted
power or antenna size.

An elevation angle of 75 deg as indicated

by Strauch [9] yields an acceptable compromise for clear-air
radars.
In routine operation, the Radar Wind Profiler operates
continuously collecting radial velocity (Vr) measurements and
computing horizontal wind profiles.

Radial velocities are

measured along three beams, as shown in Figure 5.

One beam will

be measured directed vertically, one will be directed at azimuth
of 90 deg E of North with an elevation angle of 75 deg, and the
other is directed North with an elevation of 75 deg.

Average

transmitted power and the effective antenna aperture must be
sufficient to provide accurate wind velocity measurements
comparable to the Jimsphere wind sensor.
Best estimates of radial velocities from the oblique beams
are used to calculate the horizontal wind at all heights,
assuming the vertical velocity to be zero.

The horizontal wind

components, echo power, and spectral width from both oblique
beams and the vertical beam will be measured.

For the short time

intervals to be employed, a measure of the variability of the
vertical velocity may assess the uncertainties in the horizontal
wind estimates.
The elevation angle should be as low as possible as reported
by Strauch [8] to produce accurate wind measurements because

10-23

= uSIN8 e +wCOSe e

ANTENNA
WHERE THE RADIAL DOPPLER VELOCITIES Vi
ARE RELATED TO THE WIND:

+w > Sine e

HORIZONTAL WIND (Hw )=\J {^ 2+{^ 2 WHEN - = 0

^COS9 e
Figure 5.
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Antenna volume arrangement.
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uncertainty in the measurement of radial velocity causes an
uncertainty in horizontal wind that increases with elevation
angle.

If vertical velocities are neglected as indicated by

Strauch [8]
STD DEV (Vh ) = [STD DEV (V. )] sec 6 e

where the superflex denotes an estimated quantity, a good
estimation of the standard deviation may be obtained.

The

ability to obtain unbiased estimates of horizontal wind
velocities (V^) with low standard deviation depends on radar
wavelength, signal-to-noise-ratio, observation time, and the
width of the Doppler spectrum [10].
Sensitive Doppler radars, as indicated by Nastrom et al.
[11], are capable of making measurements in the clear air.
Besides measurements of the Doppler shift or wind speed,
observations from these radars can be used to study the
variability of the backscattered signal power.

The backscattered

power is directly related to the refractive structure constant
Cn , according to Van Zandt et al. [12], when the radar is
directed obliquely and is sensitive to the average intensity of
small-scale turbulence within the radar volume.

Relative changes

in backscattered power thus indicate changes in average
turbulence levels, at least in the stratosphere where moisture
levels are negligible.

In the troposphere where moisture levels

may not be negligible, the relative changes are due to the
combination of turbulence and moisture effects.

In any case,

study of the systematic variations in backscattered energy can
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provide insight to the dynamical processes in the atmosphere.
As indicated by Huschke [13], attenuation is any process in
which the flux density (or power, amplitude, intensity,
illuminance of a "parallel beam" of energy) decreases with
increasing distance from the energy source.
The attenuation experienced by radar waves is the result of
two effects: (1) absorption and (2) scattering of power out of
the beam.

In general, according to Battan [14] and Doviak and

Zrnic [15], the attenuation of microwaves by gaseous absorption
can usually be neglected for radar sets operating at the longer
wavelengths.

The Radar Wind Profiler at 50 MHz will have a

wavelength of 6 m.

The attenuation due to energy absorbed by the

atmosphere's molecular state constitutes, mainly water vapor and
oxygen, is negligible for long wavelengths and high beam
elevation of 75 deg as proposed for the Radar Wind Profiler.
Most radars used for wind profiling use a data-processing
system scheme as outlined; signal plus noise to the receiver
(video), sampling (range gates), time-domain averaging, spectral
analysis, moment estimates, and average moments [16].
The functional processing steps on the received signals for
the Radar Wind Profiler as described by Strauch et al [8] are
presented in Table 2.
SUMMARY

From the data in Table 1 it is concluded that the
roea.surem.ents of wind are made successfully by refractive index of
optically clear air by the Radar Wind Profiler.

The NOAA Pulsed

Infrared (C02 Doppler Lidar) and. the Microwave (3 cm) Doppler

10-26

Table 2.

Functional steps for the Radar Wind Profiler.
1.

Time Domain Averages

2.

D. C. Removal

3.

Fourier Analysis

4.

Windowing

5.

Power Spectra Calculation

6.

Spectral Averaging

7.

Ground Clutter Removal

8.

Noise Level Estimation

9.

Moments Calculations

10.

Horizontal Calculation.

Radar measure aerosols, hydrometeors, rain, and snow.
Measurements of cloud and convection storms may limit the range
to the C02 Doppler Lidar, while the Microwave (3 cm) Doppler
Radar only works best with rain, insects, and bugs. The
Microwave (3 cm) Radar can obtain wind profiles from the surface
to 1 km in clear-air boundary layers, and can obtain mean layer
wind of 50 m, with an approximate error of 1 m/s.

The wind

profiles need to measure wind between 20 to 15 kms.

This is the
region where the Space Shuttle passes through max q (maximum

dynamic pressure) where the ascent wind loads are the greatest.
The resolution of mean layer winds can be measured by the
Radar Wind Profiler over a length scale of 150 m and with an
approximate vector error of 1 m/s or less to 20 km in altitude.
The Radar Wind Profiler offers a technique for measuring
wind profiles in real time during liftoff of a space vehicle.
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A

new wind profile is obtained every 15 min (which is an average of
5 wind profiles taken very 3 min) at a height interval of 150 m
intervals to 20 km.

There is the potential for continuous

monitoring of the atmospheric wind by the 50 MHz Radar Wind
Profiler near the lauch pad.

However, the wind cannot be

substituted directly for Jimsphere winds because the vertical
resolution is not as fine as the 100 to 200 m resolution of the
Jimsphere.
This short turn-around-time of the analysis of wind
variability and persistence data allows monitoring of wind
changes to within minutes of liftoff and will be a gain in
Designed for unattended

successful launch probability.

operation, the profiler employs Doppler radar technology.

The

profiler is designed to provide measurements in the troposphere
and lower stratosphere and provide automated instumentation.

The

most signficant feature is the continuity in time and
reliability.

Regarding reliability, there are two factors:

reliability in the sense of low maintenance on the hardware, and
reliability in accurate measurements of the wind for the ascent
wind loads of the Space Shuttle.
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